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Roflumilast inhibits the
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BACKGROUND AND PURPOSE
Lung macrophages are critically involved in respiratory diseases. This study assessed the effects of the PDE4 inhibitor
roflumilast and its active metabolite, roflumilast N-oxide on the release of a range of chemokines (CCL2, 3, 4, CXCL1, 8, 10)
and of TNF-a, from human lung macrophages, stimulated with bacterial lipopolysaccharide LPS.

EXPERIMENTAL APPROACH
Lung macrophages isolated from resected human lungs were incubated with roflumilast, roflumilast N-oxide, PGE2, the COX
inhibitor indomethacin, the COX-2 inhibitor NS-398 or vehicle and stimulated with LPS (24 h). Chemokines, TNF-a, PGE2 and
6-keto PGF1a were measured in culture supernatants by immunoassay. COX-2 mRNA expression was assessed with RT-qPCR.
PDE activities were determined in macrophage homogenates.

KEY RESULTS
Expression of PDE4 in lung macrophages was increased after incubation with LPS. Roflumilast and roflumilast N-oxide
concentration-dependently reduced the LPS-stimulated release of CCL2, CCL3, CCL4, CXCL10 and TNF-a from human lung
macrophages, whereas that of CXCL1 or CXCL8 was not altered. This reduction by the PDE4 inhibitors was further
accentuated by exogenous PGE2 (10 nM) but abolished in the presence of indomethacin or NS-398. Conversely, addition of
PGE2 (10 nM), in the presence of indomethacin restored inhibition by roflumilast. LPS also increased PGE2 and 6-keto PGF1a

release from lung macrophages which was associated with an up-regulation of COX-2 mRNA.

CONCLUSIONS AND IMPLICATIONS
Roflumilast and roflumilast N-oxide reduced LPS-induced release of CCL2, 3, 4, CXCL10 and TNF-a in human lung
macrophages.

Abbreviations
BAL, bronchoalveolar lavage; COPD, chronic obstructive pulmonary disease; DMSO, dimethyl sulphoxide; EIA, enzyme
immunoassay; FCS, fetal calf serum; PDE, phosphodiesterase
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Introduction
PDEs are a group of metallophosphohydrolases regulating the
breakdown of intracellular cAMP and cGMP. Eleven major
families (PDE1–11) and at least 21 subtypes with numerous
splice variants have currently been identified and are distin-
guished by substrate specificity, sensitivity to inhibitors and
allosteric activators and their N-terminal regulatory domains
that largely govern recruitment to scaffolding proteins, hence
subcellular compartmentation as well as post-translational
regulation of enzymatic activity (Bender and Beavo, 2006).

Increasing intracellular cAMP may be attributed to
enhanced synthesis related to receptor-triggered adenylate
cyclase activation or attenuated breakdown by cAMP-
hydrolysing PDEs. PDE4 is an isoenzyme specifically degrad-
ing cAMP and prominently expressed in inflammatory cells.
As a corollary, selective PDE4 inhibitors were found to curb
inflammatory responses in cells and experimental animals.
Consequently, PDE4 inhibitors have been considered to rep-
resent a new therapeutic concept of non-steroid, anti-
inflammatory remedies, potentially tailored to mitigate the
specific airway inflammatory pattern in respiratory disorders
such as chronic obstructive pulmonary disease (COPD)
(Houslay et al., 2005; Fan Chung, 2006; Spina, 2008). Many
PDE4 inhibitors have been synthesized and extensively
analysed in cellular and animal studies. A few of them such as
roflumilast, cilomilast, apremilast or CDP 840 have been in
clinical development for mostly COPD or asthma but also
psoriasis (apremilast). One of these, roflumilast, recently
received approval as an oral, once daily tablet for the main-
tenance treatment of severe COPD (Giembycz and Field,
2010). Indeed, roflumilast was shown to improve lung func-
tion and, importantly, reduce the rate of exacerbations (Cal-
verley et al., 2009; Fabbri et al., 2009) in this condition.

In the liver, roflumilast is converted by CYP3A4 and 1A2
to its active metabolite, roflumilast N-oxide, which has
potency as a PDE4 inhibitor similar to that of the parent
compound and maintains a high degree of selectivity towards
other PDEs. In man, roflumilast N-oxide accounts for about
90% of the overall PDE4 inhibition, with the remainder being
attributed to the parent compound roflumilast (Lahu et al.,
2010). Following repeated, once daily, oral administration of
roflumilast at the clinical dose of 500 mg·day-1, the plasma
levels of roflumilast N-oxide are maintained in a range of
about 1–2 nM (free, not bound to plasma proteins) over the
dosing interval (Bethke et al., 2007). Over this concentration
range, roflumilast N-oxide affected numerous functions of
human cells involved in COPD. In addition, in vivo treatment
with roflumilast modified inflammatory and structural
remodelling responses in key disease models related to COPD.
For example, roflumilast reduced the lung infiltration by
CD4+ and CD8+ T cells, B cells and macrophages in mice
exposed to tobacco smoke over 6 months (Martorana et al.,
2008). Taken together, these results provided a mechanistic
rationale for the efficacy of roflumilast in COPD (Hatzelmann
et al., 2010).

Macrophages play a critical role in the pathophysiology of
COPD and asthma (Barnes, 2004; Peters-Golden, 2004).
Human lung macrophages orchestrate lung inflammation by
releasing an array of leukocyte-recruiting chemokines
(Barnes, 2009), as well as TNF-a. The precursors of macroph-

ages are circulating monocytes and the differentiation of
human peripheral blood monocytes to macrophages in vitro is
accompanied by a change in the pattern of PDE isoenzymes.
While PDE4 is the predominant isoform in human mono-
cytes, in monocyte-derived macrophages PDE3 and PDE1 are
increased along with a decline in PDE4 activity (Gantner
et al., 1997). This PDE profile is similar to that described for
human alveolar macrophages (Tenor et al., 1995).

Roflumilast and its active metabolite reduce LPS-induced
TNF-a release from human blood monocytes. In agreement
with the down-regulation of PDE4 during in vitro differentia-
tion, LPS-stimulated TNF-a production in monocyte-derived
macrophages is scarcely affected by PDE4 inhibitors (Gantner
et al., 1997; Hatzelmann and Schudt, 2001).

The current study was designed to analyse the inhibitory
effects of roflumilast and roflumilast N-oxide on the release of
some chemokines and TNF-a from human lung macrophages
and how such a response to the PDE4 inhibitors might be
modulated by PGE2, which is increased in exhaled air of
patients with COPD (Montuschi et al., 2003). We assayed for
the CC and CXC chemokines involved in the recruitment of
T lymphocytes [CCL3 (MIP-1a), CCL4 (MIP-1b), CXCL10 (IP-
10)], monocytes [CCL2 (MCP-1)] and neutrophils [CXCL1
(GRO-a), CXCL8 (IL-8); chemokine nomenclature follows
Alexander et al., 2011] in the airways and which are
enhanced in COPD (Keatings et al., 1996; Capelli et al., 1999;
Traves et al., 2002; Freeman et al., 2007; Costa et al., 2008)
and in the airways of mice chronically exposed to tobacco
smoke that develop lung infiltration by T and B cells, mac-
rophages and neutrophils (Bracke et al., 2007; Nie et al., 2008;
Braber et al., 2010).

The major outcome of the study was that the PDE4 inhibi-
tors roflumilast and roflumilast N-oxide partially reduced
the release of CCL2, 3, 4, CXCL10 and TNF-a from LPS-
stimulated human lung macrophages, which was supported
by the presence of endogenous prostanoids, such as PGE2 and
PGI2.

Methods

Isolation and culture of human
lung macrophages
The use of resected lung tissues for research purposes was
approved by the Regional Ethics Committee for Biomedical
Research (Boulogne-Billancourt, France). Lung tissues were
obtained from 22 patients (age: 62 � 2 years, 13 males, 9
females, FEV1/FVC ratio: 0.85 � 0.03, smokers/ex-smokers
7/11, pack years: 39 � 9 and 4 non-smokers), undergoing
surgical resection for lung carcinoma and who had not
received preoperative anti-cancer chemotherapy or radio-
therapy. Lung macrophages were isolated from finely minced
peripheral tissues (far from the tumour) by adherence as
described previously (Buenestado et al., 2010). Briefly, the
collected fluid from several washings of the minced periph-
eral lung tissues was centrifuged (300¥ g, 10 min), and the
cell pellet was re-suspended in RPMI 1640 supplemented
with 10% heat-inactivated fetal calf serum (FCS), 2 mM
L-glutamine and antibiotics. Re-suspended viable cells were
then plated at 106 cells·mL-1. Following incubation for at least
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1 h at 37°C (5% CO2 humidified atmosphere) non-adherent
cells were removed by gentle washings. The adherent popu-
lation of cells (198 � 18 ¥ 103 cells per well of a 24-well plate)
were >95% pure macrophages, as determined by May–
Grünwald–Giemsa staining and CD68 immunocytochemis-
try. Cell viability exceeded 95% as assessed by Trypan blue
dye exclusion.

Incubation of lung macrophages with PDE4
inhibitors, PGE2 and COX inhibitors
The 24-well plates with adherent lung macrophages were
washed with warm medium, without FCS, and 1 mL of fresh
medium supplemented with 1% FCS was added per well.
Lung macrophages were pre-incubated with roflumilast
(0.1–1000 nM) or roflumilast N-oxide (0.1–1000 nM) or
vehicle dimethyl sulphoxide (DMSO) for 30 min before
stimulation with LPS at a concentration of 10 ng·mL-1. Fol-
lowing a 24 h incubation period, cell culture supernatants
were collected and stored at -80°C for later analyses of
chemokines and TNF-a. The optimal LPS concentration
(10 ng·mL-1) and incubation time (24 h) were selected from
preliminary time and concentration studies (data not
shown). For example, concentration-dependent effect curves
revealed a maximum stimulation of CCL2 and TNF-a release
from human alveolar macrophages at 100–1000 ng·mL-1 LPS.
At 1 ng·mL-1 LPS, the mean release of CCL2 and TNF-a
amounted to 20% and 15% of the maximum, while at
10 ng·mL-1, optimal inhibition levels of 85% and 75% of the
maximum were achieved. Consequently, the latter LPS con-
centration (10 ng·mL-1) was selected as the stimulus in the
experiments. In some experiments, either PGE2 (10 nM), a
non-selective COX inhibitor (indomethacin, 1 mM) or a
COX-2 selective inhibitor (NS-398, 30 mM) were added in the
presence or absence of the PDE4 inhibitors. Roflumilast and
roflumilast N-oxide selectively inhibit PDE4 up to a concen-
tration of 1 mM (Hatzelmann and Schudt, 2001). Stock solu-
tions (10 mM) of PDE4 inhibitors, indomethacin and NS-398
were prepared in DMSO. PGE2 stock solution (10 mM) was
prepared in ethanol. All subsequent dilutions were prepared
daily in complete medium. The maximal DMSO concentra-
tion applied to cells in culture did not exceed 0.1%. Neither
the vehicle nor any of the compounds used in this study
altered the viability of the macrophages. All wells were run in
duplicate for each series of experiments performed with lung
macrophages isolated from a single lung sample.

Measurements of PDE1–5
isoenzyme activities
Lung macrophages (106 cells), with or without incubation
with LPS for 24 h, were washed twice in PBS and re-suspended
in 1 mL homogenization buffer (137 mM NaCl, 2.7 mM KCl,
8.1 mM Na2HPO4, 1.5 mM KH2PO4, 10 mM HEPES, 1 mM
EGTA, 1 mM MgCl2, 1 mM b-mercaptoethanol, 5 mM pepsta-
tin A, 10 mM leupeptin, 50 mM PMSF, 10 mM soybean trypsin
inhibitor, 2 mM benzamidine, pH 8.2). Cells were disrupted
by sonication (Branson sonifier, 3 ¥ 15 s), and lysates were
immediately used for PDE activity measurements as previ-
ously described (Tenor et al., 1995), following a standard pro-
tocol (Thompson et al., 1979) with some modifications
(Bauer and Schwabe, 1980). The assay mixture (final volume

200 mL) comprised 30 mM Tris–HCl, pH 7.4, 4 mM MgCl2,
0.5 mM of either cAMP or cGMP as substrate including
[3H]cAMP or [3H]cGMP (about 30 000 c.p.m. per well),
100 mM EGTA, PDE isoenzyme-specific activators and inhibi-
tors as described below and cell lysate. Incubations were
performed for 20 min at 37°C, and reactions were terminated
by adding 50 mL of 0.2 M HCl per well. Assays were left on ice
for 10 min before 25 mg of 5′- nucleotidase (Crotalus atrox)
was added (50 mL in 400 mM Tris–HCl, pH 8.5). Following an
incubation period for 10 min at 37°C, assay mixtures were
loaded onto QAE-Sephadex A25 columns (1 mL bed volume).
Columns were eluted with 2 mL of 30 mM ammonium
formate (pH 6.0), and radioactivity in the eluate was counted.
Results were corrected for blank values (measured in the pres-
ence of denatured protein) that were below 2% of total radio-
activity. cAMP or cGMP degradation did not exceed 25% of
the amount of substrate added. The final DMSO concentra-
tion was 0.3% in all assays. Selective inhibitors and activators
of PDE isoenzymes were used to determine activities of
PDE1-5 families as described previously with modifications.
Briefly, PDE4 was calculated as the difference of PDE activities
at 0.5 mM cAMP in the presence and absence of 1 mM piclami-
last. The difference between piclamilast-inhibited cAMP
hydrolysis in the presence and absence of 10 mM motapizone
was defined as PDE3. The fraction of cGMP (0.5 mM) hydroly-
sis in the presence of 10 mM motapizone that was inhibited
by 100 nM sildenafil reflects PDE5. At the concentrations
used in the assay piclamilast (1 mM), motapizone (10 mM) and
sildenafil (100 nM) completely blocked PDE4, PDE3 and
PDE5 activities without interfering with activities from other
PDE families. PDE1 was defined as the increment of cAMP
hydrolysis (in the presence of 1 mM piclamilast and 10 mM
motapizone) or cGMP hydrolysis induced by 1 mM Ca2+ and
100 nM calmodulin. The increase of cAMP (0.5 mM) degrad-
ing activity in the presence of 1 mM piclamilast and 10 mM
motapizone induced by 5 mM cGMP represented PDE2. The
PDE2 inhibitor BAY 60–7550 (100 nM) completely inhibited
this cGMP -induced activity increment, further confirming
this activity as PDE2.

Chemokine and cytokine assays
Release of selected chemokines, TNF-a and IFN-g was assessed
by measuring their concentrations in the lung macrophage
culture supernatants with ELISA, according to the manufactur-
er’s instructions (Duoset Development System, R&D Systems
Europe, Lille, France). The supernatants were diluted with
RPMI as appropriate, and the optical density was determined
at 450 nm with an MRX II microplate reader from Dynex
Technologies (Saint-Cloud, France). Cytokine concentrations
are expressed as ng per 106 lung macrophages. The detection
limits of these assays were 4 pg·mL-1 for CCL3, 8 pg·mL-1 for
TNF-a, IFN-g, CCL2 and CCL4 and 16 pg·mL-1 for CXCL1,
CXCL8 and CXCL10.

PGE2 and 6-keto PGF1a assays
PGE2 and 6-keto PGF1a (the stable hydrolysis product of PGI2)
in lung macrophage culture supernatants were determined
using commercially available EIA kits according to the manu-
facturer’s instructions (Cayman Chemical Europe, Tallinn,
Estonia). The detection limits were 36 and 6 pg·mL-1
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respectively. PGE2 and 6-keto PGF1a concentrations are
expressed as nM.

Quantitative RT-PCR analysis
Lung macrophages, stimulated or not with LPS (10 ng·mL-1)
for 24 h, were harvested in RNAlater®, and total RNA was
extracted with RNeasy Mini Kit (Qiagen, Courtabeuf, France).
After DNAse I treatment (DNAse set, Qiagen), 1 mg of total
RNA was used to generate single-stranded cDNA (cDNA
Archive Kit, Applied Biosystems, Courtabeuf, France). Reac-
tions without reverse transcriptase were systematically run in
parallel. Absence of contaminating genomic DNA was
assessed by amplifying 24 housekeeping genes (18S, ACTB,
AGPAT1, B2M, EEF1A2, GAPDH, GUSB, HDAC1, HMBS,
HPRT1, ILF2, PMM1, POLR2H, PPIA, PSMA1, RPL13, RPL37A,
SDHA, TAX1BP1, TBP, TPT1, UBC, VIL2, YWHAZ).

A specific TaqMan® low-density array, based on pre-
designed reagents (Assay-on Demand, Applied Biosystems),
was set up to evaluate expression of COX-2 (PTGS2,
Hs00153133_m1). Real-time quantitative PCR was carried out
with 100 ng of cDNA in 2 mL of final reaction volume in
384-well microfluidic plates preloaded with probes and
primers on the ABI PRISM 7900 Sequence Detection System
using TaqMan® Universal PCR Master Mix (Applied Biosys-
tems). The fold changes in mRNA expression were calculated
according to the DDCt method (Livak and Schmittgen, 2001).
Sample profiles were obtained for the 24 housekeeping genes
to determine the best set of genes leading to the most accu-
rate normalization. The mean values of TPT1, PPIA and UBC
were selected for further normalization of data. Genes were
considered to be significantly expressed, and their transcript
was measurable if their corresponding threshold cycle (Ct)
value was �35.

Statistical analysis
Data are expressed as means � SEM; n represents the number
of patients from whom lung macrophages preparations were
obtained. The concentration–effect curves were analysed
using non-linear regression GraphPad Prism® Version 5.01
(GraphPad Software Inc., San Diego, CA), and sigmoidal
curves were plotted to analyse the effects of PDE4 inhibitors
on cytokine production and calculate EC50 and maximum
efficacy. Statistical analyses used one-way repeated-measures
ANOVA followed by Dunnett’s post-tests. Significance was
defined as P < 0.05.

Materials
Penicillin–streptomycin, DMSO, L-glutamine, FCS,
RNAlater®, Trypan blue dye, HEPES, EGTA,
b-mercaptoethanol, pepstatin, leupeptin, PMSF, soybean
trypsin inhibitor, benzamidine, cAMP, cGMP and LPS (from
Escherichia coli serotype 0111:B4, batch 029 K4022),
indomethacin, PGE2 were purchased from Sigma (St. Louis,
MO). RPMI 1640 medium, PBS and BSA were from Eurobio
Biotechnology (Les Ulis, France). The COX-2 inhibitor,
NS-398, was purchased from Tocris Biosciences (Bristol, UK).
Roflumilast and roflumilast N-oxide were synthesized at
Nycomed GmbH (Konstanz, Germany). Piclamilast and
sildenafil were synthesized at the chemical facilities of
Nycomed essentially as described in the corresponding

patents. Motapizone was a generous gift from Rhone-Poulenc
Rorer (Cologne, Germany). [5,8-3H]cAMP, [8-3H]cGMP and
[methyl-3H]thymidine were purchased from GE Lifesciences
(Freiburg, Germany). All other chemicals were of analytical
grade and were obtained from Merck (Darmstadt, Germany).
All cell culture plastics were from CML (Nemours, France).

Results

Activities of PDE1-5 isoenzymes in human
lung macrophages
In the absence of LPS, basal cAMP and cGMP hydrolysing
PDE activities in human lung macrophages cultured for
24 h were 288 � 69 pmol·min-1 per 108 cells and 78 �

20 pmol·min-1 per 108 cells (n = 4), respectively, at 0.5 mM
substrate concentrations. Based on the use of specific activa-
tors and inhibitors of PDE isoenzymes (Ca++-calmodulin-
stimulated) PDE1, PDE3 and PDE4 were the predominant
activities detected (Figure 1A). Exposure of lung macrophages
to LPS (10 ng·mL-1) for 24 h resulted in a 1.6-fold increase in
total cAMP hydrolysis. The increased cAMP hydrolysis was
entirely attributed to a 3.5-fold up-regulation of PDE4 activity
(P < 0.05; Figure 1B), while other PDE isoenzymes were not
affected (data not shown).

Roflumilast and its active metabolite,
roflumilast N-oxide, reduced the release of
chemokines and TNF-a from LPS-stimulated
human lung macrophages
Among the major CC and CXC chemokines and cytokines
generated by human lung macrophages in response to stimu-
lation with LPS for 24 h are CCL2, CCL3, CCL4, CXCL1,
CXCL8, CXCL10 and TNF-a (Buenestado et al., 2010). On the
other hand, IFN-g was not detected, either at baseline or after
stimulation with LPS (n = 6).

The effects of the PDE4 inhibitors roflumilast and roflu-
milast N-oxide on the LPS-induced release of these chemok-
ines and TNF-a from human lung macrophages were
investigated. LPS strongly increased the release of all of the
investigated chemokines and TNF-a (Tables 1 and 2). Roflu-
milast and roflumilast N-oxide (0.1 nM–1 mM) concentration-
dependently and partly reduced the LPS-triggered release of
the explored CC chemokines, CXCL10 and TNF-a (Table 3,
Figures 2 and 3) but not that of CXCL1 and CXCL8 (Table 2).
Maximum inhibition (efficacy) was comparable between the
two PDE4 inhibitors for each of the responsive analytes, as
expected, and strongest for CCL2, followed by CXCL10,
TNF-a and then CCL3 and CCL4 (Table 3). Half-maximum
inhibition (potency, EC50) was around or below 1 nM for the
CC chemokines, CXCL10 and TNF-a with a trend towards
somewhat higher potency for roflumilast compared with the
active metabolite (with the exception of CCL4) and was in
accord with the potencies of these PDE4 inhibitors against
PDE4 enzymic activity (Hatzelmann et al., 2010). Roflumilast
N-oxide at 1 nM, a concentration in the range of clinically
relevant plasma levels, reduced the release of LPS-stimulated
CCL2 and TNF-a by about 30% (P < 0.05) and that of CCL3,
CCL4 and CXCL10 to a more moderate extent (Table 3),
similar to findings in other cellular systems (Hatzelmann
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et al., 2010). Basal release of these CC, CXC chemokines and
TNF-a from unstimulated lung macrophages, was not altered
by the two PDE4 inhibitors (n = 3).

Role of PGE2 in the inhibition of LPS-induced
chemokine and TNF-a release by roflumilast
and roflumilast N-oxide
Previous studies in human monocyte-derived macrophages
have shown that the presence of PGE2 (10 nM) (to increase

cAMP formation) was required to allow a moderate reduction
of LPS-stimulated TNF-a release by PDE4 inhibitors from
these cells (Gantner et al., 1997; Hatzelmann and Schudt,
2001). In the current study with LPS-stimulated human lung
macrophages, PDE4 inhibitors were able on their own to curb
the release of CCL2, 3, 4 and CXCL10 chemokines and
TNF-a, as detailed in the previous section (Figures 2 and 3). In
this context, the role of PGE2 was analysed next. First of all,
the addition of PGE2 (10 nM) did not change the release of
CCL2, 3 and 4 but diminished that of TNF-a by 43% and
CXCL10 by 48%, following stimulation of lung macrophages
with LPS (data not shown). Next, the effects of 10 nM PGE2

were assessed on the concentration-dependent decrease of
LPS-stimulated CCL2, 3, 4, CXCL10 and TNF-a release by the
PDE4 inhibitors. Overall, the prostanoid did not substantially
affect the potencies (EC50) of the PDE4 inhibitors to limit the
release of CCL2, 3, 4, CXCL10 and TNF-a from LPS-
stimulated lung macrophages (Figures 2 and 3, Table 3).
There was a moderate gain in efficacy in the presence of PGE2

for LPS-stimulated release of CC chemokines. However,
taking into account the reduction by PGE2 of TNF-a and
CXCL10 release (see above), the efficacy versus LPS (in
absence of PGE2) reached 71 � 6% and 76 � 12% with
roflumilast and PGE2 respectively. Release of CXCL1 and
CXCL8 remained unaffected by PDE4 inhibitors, even when
10 nM PGE2 was present.

LPS-stimulated human alveolar macrophages are a source
of PGE2, following an up-regulation of COX-2 (Hempel et al.,
1994). Furthermore, peritoneal macrophages released 6-keto
PGF1a following their exposure to LPS, indicating PGI2 pro-
duction (Rouzer et al., 2004). To unravel a putative role of
endogenously produced prostanoids in transducing PDE4
inhibition into reduced mediator release from the LPS-
stimulated lung macrophages, the effect of the COX inhibitor
indomethacin was explored. Strikingly, indomethacin abol-
ished the inhibitory effects of roflumilast on the release of
CCL2, 3, 4, CXCL10 and TNF-a (Figure 4). Substantial
amounts of PGE2 and 6-keto PGF1a accumulated in culture
supernatants of lung macrophages incubated with LPS
(10 ng·mL-1) over 24 h. The increased release of PGE2 and
6-keto PGF1a was accompanied by an about 70-fold increase
of COX-2 transcripts in human lung macrophages, after
LPS stimulation (Table 4). Concurrent incubation with
indomethacin or the COX-2 selective inhibitor NS-398 abol-
ished the accumulation of PGE2 and 6-keto PGF1a (Figure 5).
On the other hand, roflumilast at 1 nM or 100 nM did not
affect LPS-induced release of PGE2 and 6-keto PGF1a

(Figure 5).
Adding exogenous PGE2 (10 nM) restored the inhibition

of mediator release by roflumilast, when indomethacin was
present (Figure 4). The presence of the COX inhibitor in the
incubation medium (which by itself did not affect cytokine
release) induced a synergism between roflumilast (1 nM or
100 nM) and PGE2 (10 nM, a concentration close to that in
culture medium following LPS stimulation) to diminish
CCL2, 3 or 4 release, while each on their own was ineffective
(Figure 4B–D).

In the presence of indomethacin, release of TNF-a and
CXCL10 were more sensitive to inhibition by PGE2 at 10 nM,
resulting in an about 50% and 85% reduction of their respec-
tive release after LPS (Figure 4A, E).

Figure 1
PDE1–5 isoenzyme activities in human lung macrophages and LPS-
induced up-regulation of PDE4. Lung macrophages (purity > 95%)
were homogenized, and PDE activities assessed in whole lysates at
0.5 mM cAMP or cGMP substrate concentrations. (A) Enzymatic
activities reflecting basal cAMP and cGMP hydrolyses and PDE1–5 are
shown. PDE1 activities are depicted as cGMP or cAMP hydrolysis
stimulated by Ca++–calmodulin. (B) Lung macrophages were incu-
bated with 10 ng·mL-1 LPS over 24 h. Enzymic activities reflecting
basal cAMP and cGMP hydrolysis as well as PDE4 are depicted.
Results from four different donors are shown as the means � SEM.
*P < 0.05, significantly different from control.
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Table 1
The effect of LPS on CCL2, 3, 4, CXCL10 and TNF-a release in culture supernatants of human lung macrophages

Chemokine/cytokine
CCL2
(n = 13)

CCL3
(n = 12)

CCL4
(n = 14)

CXCL10
(n = 10)

TNF-a
(n = 14)

Basal 0.4 � 0.1 0.3 � 0.1 2.2 � 0.5 0.01 � 0.003 0.02 � 0.01

+LPS 23 � 7 385 � 66 467 � 90 1.0 � 0.4 60 � 15

Macrophages were incubated with medium or LPS (10 ng·mL-1) for 24 h. Cell culture supernatants were collected and analysed by ELISA. Data
are expressed in ng per 106 cells. Results are means � SEM from 10 to 14 independent experiments of different experimental series as shown
in Figures 2 and 4.

Table 2
Roflumilast and roflumilast N-oxide do not influence LPS-stimulated release of CXCL1 and CXCL8 from human lung macrophages

Cytokine Basal LPS only

LPS +

Roflumilast Roflumilast N-oxide

1 nM 100 nM 1 nM 100 nM

CXCL1 0.3 � 0.1 220 � 56 219 � 42 184 � 28 243 � 50 186 � 33

CXCL8 7.2 � 1.1 597 � 115 592 � 110 529 � 99 613 � 77 500 � 82

Macrophages were incubated with medium (basal) or LPS (10 ng·mL-1) in the absence (LPS only) or presence of roflumilast (1 nM or 100 nM)
or roflumilast N-oxide (1 nM or 100 nM) or vehicle before being stimulated with LPS for 24 h. Cell culture supernatants were collected and
analysed for CXCL1 and CXCL8 by ELISA. Data are expressed in ng per 106 cells. Results are shown as the means � SEM of five to seven
independent experiments.

Table 3
Potency and efficacy of the PDE4 inhibitors roflumilast and roflumilast N-oxide to reduce TNF-a, CCL2, CCL3, CCL4 and CXCL10 release from
LPS-stimulated human lung macrophages in presence and absence of 10 nM PGE2

PDE4 inhibitor Roflumilast Roflumilast N-oxide

Calculated parameter EC50 Efficacy EC50 Efficacy Inhibition at 1 nM
Analyte Additive nM [CI 95] % nM [CI 95] % %

TNF-a Vehicle 0.1 [0.03–0.5] 38 � 3 0.4 [0.1–1.4] 45 � 3 31 � 8

10 nM PGE2 0.2 [0.06–0.4] 57 � 3 0.3 [0.1–0.9] 60 � 4 43 � 8

CCL2 Vehicle 0.2 [0.09–0.6] 58 � 3 1.0 [0.4–2.2] 63 � 3 30 � 6

10 nM PGE2 0.2 [0.06–0.6] 63 � 4 0.7 [0.3–1.5] 70 � 3 42 � 6

CCL3 Vehicle 0.5 [0.07–3.1] 29 � 3 1.5 [0.5–4.4] 32 � 2 13 � 2

10 nM PGE2 0.3 [0.09–1.0] 49 � 3 0.7 [0.2–2.3] 48 � 3 29 � 4

CCL4 Vehicle 0.5 [0.1–2.5] 32 � 3 0.4 [0.04–4.3] 26 � 4 17 � 6

10 nM PGE2 0.7 [0.08–2.8] 45 � 3 0.6 [0.2–2.0] 46 � 3 29 � 3

CXCL10 Vehicle 0.1 [0.04–0.4] 49 � 3 1.6 [0.2–10] 45 � 6 18 � 9

10 nM PGE2 0.1 [0.02–0.6] 60 � 5 1.0 [0.2–3.5] 58 � 5 30 � 11

Values of EC50 are shown with 95% confidence intervals (CI 95). The maximum efficacy (mean � SEM) and the percentage of inhibition
achieved by roflumilast N-oxide at 1 nM (mean � SEM) were calculated from concentration-dependent inhibition curves given in Figure 2
and 3. TNF-a, CCL2, 3 or 4 and CXCL10 release in presence or absence of 10 nM PGE2 were both set as 100%. Effects of 10 nM PGE2 on
the release of the chemokines and cytokines are given in the text.
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Figure 2
Effects of roflumilast on the release of TNF-a (A), CCL2 (B), CCL3 (C), CCL4 (D) and CXCL10 (E) from LPS-stimulated human lung macrophages,
with or without PGE2. Lung macrophages were pre-incubated with roflumilast (0.1–1000 nM), PGE2 (10 nM) or vehicle, before LPS (10 ng·mL-1)
was added. Chemokines and TNF-a were determined in culture supernatants collected after a 24 h incubation time. Results are shown as the
means � SEM of five to nine independent experiments and shown as % of maximum release of the respective chemokine or TNF-a related to LPS
alone or LPS and PGE2, each defined as maximum (100%).
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Figure 3
Effects of roflumilast N-oxide on the release of TNF-a (A), CCL2 (B), CCL3 (C), CCL4 (D) and CXCL10 (E) by LPS-stimulated human lung
macrophages, without or with PGE2. Lung macrophages were pre-incubated with roflumilast N-oxide (0.1–1000 nM), PGE2 (10 nM) or vehicle
before LPS (10 ng·mL-1) was added. Chemokines and TNF-a were determined in culture supernatants collected after a 24 h incubation time.
Results are shown as the means � SEM of five to nine independent experiments and depicted as % of maximum release of the respective
chemokine or TNF-a related to LPS alone or LPS and PGE2, each defined as maximum (100%).
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Taken together, these results suggest that the COX-2-
dependent formation of prostanoids (such as PGE2 or PGI2)
acts together with the PDE4 inhibitors to reduce LPS-
stimulated release of cytokines such as CCL2, 3, 4, CXCL10
and TNF-a from lung macrophages.

Discussion and conclusions
In human lung macrophages, (i) PDE1, PDE3 and PDE4
activities were present and PDE4 was up-regulated by LPS; (ii)
the PDE4 inhibitors, roflumilast and its active metabolite

Figure 4
Role of prostanoids in the suppression of LPS-induced TNF-a (A), CCL2 (B), CCL3 (C), CCL4 (D) and CXCL10 (E) release from human lung
macrophages by roflumilast. Lung macrophages were pre-incubated with indomethacin (1 mM) or vehicle over 30 min and then with roflumilast
(0, 1 or 100 nM), PGE2 (10 nM) or vehicle for another 30 min before being stimulated with LPS (10 ng·mL-1) for 24 h. Results are shown as the
means � SEM of five to six independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from respective controls. #P < 0.05,
significantly different from LPS alone. Unstimulated release of chemokines and TNF-a was low and did not exceed 2% of that observed following
stimulation with LPS.
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roflumilast N-oxide, reduced the LPS-stimulated release of the
CC chemokines CCL2, CCL3, CCL4, the CXC chemokine
CXCL10 (but not that of CXCL1 and CXCL8) and of TNF-a;
and (iii) endogenous prostanoids (PGE2 and PGI2) produced
following LPS-induced COX-2 up-regulation may have sup-
ported the reduced mediator release by PDE4 inhibitors.

The PDE (1–5) isoenzyme pattern in human lung mac-
rophages is similar to that in human monocyte-derived mac-
rophages (Gantner et al., 1997), alveolar macrophages (Tenor
et al., 1995) or macrophage-like U937 cells (Shepherd et al.,
2004). Previously, PDE7A1 protein has been described in
human lung macrophages but a PDE7 inhibitor only margin-
ally reduced LPS-induced TNF-a release from these cells,
although it was at least additive with a PDE4 inhibitor (Smith

et al., 2004). In the current study, the presence of some PDE7
activity contributing to overall cAMP hydrolysis in human
lung macrophages cannot be excluded. However, under the
current experimental conditions, PDE3 and PDE4 account for
about 85% of total cAMP hydrolysis.

Incubation of human lung macrophages with LPS over
24 h resulted in an increased cAMP-hydrolysing activity,
entirely attributable to PDE4, as previously shown in mono-
cytic MonoMac6 cells (Verghese et al., 1995). LPS-induced
up-regulation of PDE4 (primarily PDE4B) was also shown in
human monocytes (Ma et al., 1999; Wang et al., 1999; Jin and
Conti, 2002) and mouse peritoneal macrophages (Jin et al.,
2005). An increase of PDE4 activity was reported in alveolar
macrophages from smokers with COPD compared with those
without COPD (Barber et al., 2004), suggesting the clinical
relevance of PDE4 regulation.

The increase in PDE4 found in the present study may
increase the functional role this PDE isoenzyme plays in
LPS-stimulated human lung macrophages. The PDE4 inhibi-
tors roflumilast and its active metabolite, roflumilast N-oxide
reduced the release of the chemokines CCL2, CCL3, CCL4
and CXCL10 as well as of TNF-a from LPS-stimulated lung
macrophages. The fact that only partial inhibition was
achieved, at concentrations completely and selectively block-
ing PDE4, is likely to indicate a functional role for the remain-
ing PDE1, PDE3, and PDE7 isoenzymes (Gantner et al., 1997;
Hatzelmann and Schudt, 2001).

In contrast to findings in lung macrophages (Smith et al.,
2004 and the current study), PDE4 inhibitors did not suppress
LPS-induced TNF-a release from human monocyte-derived
macrophages but required the addition of PGE2 (Gantner
et al., 1997; Hatzelmann and Schudt, 2001). Differences in
LPS-induced PGE2 release between these macrophages may
account for this inconsistency because earlier reports indicate

Figure 5
LPS-induced release of PGE2 and 6-keto PGF1a, the stable hydrolysis product of PGI2, from human lung macrophages. Effects of the PDE4 inhibitor
roflumilast, the COX inhibitor indomethacin and the COX-2 selective inhibitor NS-398. Human lung macrophages were pre-incubated with
roflumilast (1 nM or 100 nM), indomethacin (1 mM), NS-398 (30 mM) or vehicle for 30 min and then stimulated with LPS (10 ng·mL-1).
Accumulation of PGE2 or 6-keto PGF1a in cell culture supernatants was measured after 24 h using commercially available EIA. Results are given as
the mean � SEM from at least five independent experiments.

Table 4
Effects of LPS on expression of COX-2 (PTGS2) transcripts in human
lung macrophages

Relative expression
in control (mean �
SEM) ¥ 1000

Fold
change

Range of
fold change

PTGS2 0.53 � 0.13 68.6 � 28.6 4.0–137.9

The relative expression of PTGS2 was determined by real-time
quantitative RT-PCR and calculated from the expression of the
target gene versus the mean expression of housekeeping genes
(TPT1, PPIA, UBC). Results following LPS (10 ng·mL-1) incubation
were compared with those under control conditions over 24 h,
and the fold change in the relative expression attributed to LPS
was calculated. Results are shown as mean � SEM from five
independent experiments.
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that endogenous release of PGE2 is restricted to human alveo-
lar macrophages, compared with monocyte-derived mac-
rophages (Takayama et al., 2002; Ratcliffe et al., 2007).

In the current study, roflumilast and roflumilast N-oxide
displayed rather comparable potency (EC50) to suppress LPS-
induced release of the assayed chemokines and TNF-a with a
trend towards a somewhat higher potency for roflumilast.
This is in line with the similar potency of roflumilast and
roflumilast N-oxide to inhibit PDE4 as reported for neutro-
phils (IC50 of 0.8 and 2 nM, respectively; Hatzelmann and
Schudt, 2001) and PDE4 isoenzymes (Hatzelmann et al.,
2010). This potency to inhibit PDE4 is in the range of the
functional effects found with the PDE4 inhibitors in lung
macrophages.

Roflumilast and roflumilast N-oxide differentially affected
chemokine release as the PDE4 inhibitors did not influence
the release of the neutrophil attractants CXCL1 and CXCL8
from LPS-stimulated human lung macrophages. This obser-
vation may appear inconsistent with evidence that roflumi-
last mitigates airway neutrophil accumulation in vivo
(Hatzelmann et al., 2010) and in patients with COPD (Groo-
tendorst et al., 2007). However, composite effects of the PDE4
inhibitors on neutrophils and on other inflammatory cells,
such as T cells, potentially controlling neutrophil migration
may reconcile such discrepancies (Sanz et al., 2007; Hatzel-
mann et al., 2010).

In the current study, several lines of evidence indicated
that autocrine prostanoids such as PGE2 or prostacyclin may
have supported the PDE4 inhibitor to reduce cytokine release
from LPS-stimulated human lung macrophages most likely by
an amplified cAMP response emanating from simultaneous
activation of cAMP synthesis (prostanoids) and inhibition of
its degradation (roflumilast). First of all, inhibitors of COX
(indomethacin) and COX-2 (NS-398) abolished the reduced
release of the cytokines by roflumilast. Second, LPS
up-regulated COX-2 expression and enhanced the release of
PGE2 and 6-keto PGF1a, that was blocked by indomethacin or
NS-398. The LPS-induced up-regulation of COX-2 in alveolar
macrophages is well documented (Hempel et al., 1994) and
also occurs following in vitro exposure of these cells to
tobacco smoke extract (Profita et al., 2010). In induced
sputum of smokers with COPD, the macrophage represents a
major COX-2-expressing cell (Profita et al., 2010). Third,
replenishing PGE2 (in the presence of indomethacin) at a
concentration corresponding to the one accumulating fol-
lowing LPS restored suppression of chemokines and TNF-a by
the PDE4 inhibitor. Fourth, roflumilast did not affect the
LPS-induced release of PGE2 and 6-keto PGF1a from human
lung macrophages. In addition, in presence of indomethacin,
both PGE2 (10 nM) and roflumilast (100 nM) were inactive on
LPS-induced CCL2, 3 and 4 release from lung macrophages,
while adding the prostanoid and the PDE4 inhibitor together
elicited a strongly reduced release of these chemokines. Such
a synergistic effect indicates that the PDE4 inhibitor acts by
enhancing cAMP in this experimental system. In this
context, we recently reported that activation of A2A adenosine
receptors, which results in enhanced cAMP synthesis, curbed
the release of CCL2, CCL3, CCL4, CXCL10 and TNF-a but not
CXCL1 and CXCL8 from LPS-stimulated human lung mac-
rophages, corresponding to the pattern observed for the PDE4
inhibitors (Buenestado et al., 2010).

In pulmonary fibroblasts, the in vitro effects of PDE4
inhibitors may also be supported by endogenous PGE2

(Kohyama et al. (2002) as, in human lung fibroblasts,
indomethacin reversed the suppressive effects of the PDE4
inhibitors roflumilast and rolipram on fibroblast-driven col-
lagen gel contraction and fibronectin-induced chemotactic
response (Togo et al., 2009). Furthermore, proliferation of
human peripheral blood mononuclear cells (PBMC) induced
by phytohaemagglutinin, was decreased by the PDE4 inhibi-
tors rolipram and CDP840 and this was partially reversed by
indomethacin. However, in contrast to the present findings,
where LPS-induced release of PGE2 or 6-keto PGF1a from
human lung macrophages was not affected by roflumilast,
the PDE4 inhibitors further augmented the release of TGFb1-
induced PGE2 in human lung fibroblasts (Togo et al., 2009;
Sabatini et al., 2010) and LPS-induced PGE2 in PBMC (Banner
et al., 1999). While these different observations reflect cell
context-specific effects of PDE4 inhibitors on PGE2 release
(Klein et al., 2007; Togo et al., 2009), another possible expla-
nation is that in the protocols with human lung fibroblasts
and PBMC (Banner et al., 1999; Togo et al., 2009), PDE4 inhi-
bition partly acts by increasing PGE2 release, in contrast to
lung macrophages in the current study.

Although not addressed in this study, endogenous PGI2

produced by human alveolar macrophages following LPS
may represent another candidate to synergise with PDE4
inhibitors. Indeed, stable analogues of PGI2 reduce the release
of IL-6, TNF-a, GM-CSF and IL-1b from LPS-stimulated
human alveolar macrophages (Raychaudhuri et al., 2002;
Aronoff et al., 2007).

Increased cAMP translates into reduced synthesis of many
pro-inflammatory cytokines and chemokines by human
monocytes or macrophages, although the precise mecha-
nisms for each have not yet been elucidated (Kimata et al.,
1998; Delgado and Ganea, 2001; Takayama et al., 2002; Bryn
et al., 2006). The early PDE4 inhibitor rolipram inhibited,
concentration-dependently, the LPS-induced TNF-a release
from human lung macrophages (Smith et al., 2004).
Maximum inhibition (efficacy) of about 35% was in accord
with findings in the current study with roflumilast and rof-
lumilast N-oxide, and the reported potency (EC50 of 150 nM)
was close to inhibition of PDE4 catalytic activity by rolipram
(Smith et al., 2004). Apremilast, a PDE4 inhibitor in develop-
ment for psoriasis, reduced LPS-induced release of CCL2,
CCL3 and CXCL10 from human mononuclear cells (Schafer
et al., 2010).

CXCL10, also known as IFN-g-inducible protein 10 (IP-
10), is produced by macrophages in response to IFN-g but also
to LPS as recently shown in human monocyte-derived mac-
rophages (Kent et al., 2009). However, under our experimen-
tal conditions using human lung macrophages, IFN-g remains
undetectable even in LPS-stimulated lung macrophages and
is therefore unlikely involved in the regulation of CXCL10 in
our system.

The regulation of CXCL8 by cAMP depends on the experi-
mental system. Interventions enhancing cAMP are reported
to reduce (Au et al., 1998; Muhl et al., 2000; Slater et al., 2006;
Kaur et al., 2008), increase (Linden, 1996; Kavelaars et al.,
1997) or not affect (Zhong et al., 1995; Yoshimura et al., 1997;
Donnelly et al., 2010; Schafer et al., 2010) the release of
CXCL8. In the current study with human lung macrophages,
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PDE4 inhibition, even in presence of PGE2, had no effect on
LPS-induced CXCL8 release in line with findings from our
laboratory with A2A receptor agonist (Buenestado et al., 2010)
and in LPS-stimulated monocytes using apremilast (Schafer
et al., 2010). As found for roflumilast, activation of adenosine
A2A receptors did not affect CXCL1 release (Buenestado et al.,
2010).

Taking our results together, the PDE4 inhibitors roflumi-
last and its active metabolite, roflumilast N-oxide partially
reduced the LPS-induced release of CCL2, CCL3, CCL4,
CXCL10 and TNF-a from human lung macrophages. This
reduction was supported by endogenously released pros-
tanoids such as PGE2 or PGI2. However, the release of two
other chemokines CXCL1 and CXCL8 remained unchanged.
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